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The a-aminoisobutyric (Aib) residue has generally been considered to be a strongly helicogenic
residue as evidenced by its ability to promote helical folding in synthetic and natural sequences. Crystal
structures of several peptide natural products, peptaibols, have revealed predominantly helical
conformations, despite the presence of multiple helix-breaking Pro or Hyp residues. Survey of synthetic
Aib-containing peptides shows a preponderance of 310-, a-, andmixed 310/a-helical structures. This review
highlights the examples of Aib residues observed in nonhelical conformations, which fall 5primarily6 into
the polyproline II (PII) and fully extended regions of conformational space. The achiral Aib residue can
adopt both left (aL)- and right (aR)-handed helical conformations. In sequences containing chiral amino
acids, helix termination can occur bymeans of chiral reversal at anAib residue, resulting in formation of a
Schellman motif. Examples of Aib residues in unusual conformations are illustrated by surveying a
database of Aib-containing crystal structures.
1. Introduction. – The achiral residue a-aminoisobutyric acid (Aib) has been found
as a major constituent of nonribosomally synthesized fungal peptides [1–6]. The term
5peptaibiotics6 has been introduced to describe this class of peptide natural products,
which contains the Aib residue and possess antibiotic activities [7]. The term
5peptaibol6 has been reserved as a descriptor of linear Aib-containing peptides of
natural origin, which contain a C-terminal alcohol group [8]. Alamethicin [9] and
antiamoebin [10] were among the earliest group of natural peptides in this family to be
chemically characterized and widely studied. The advent of fast-atom-bombardment
mass spectrometry (FAB-MS) in the 1970s resulted in the determination of the
sequences of many families of microheterogeneous, Aib-containing acyclic peptides
[11]. The more recent methods of liquid chromatography coupled with electrospray
mass spectrometry (LC/ESI-MS) have resulted in an explosive growth in the number of
sequences of Aib-containing peptides of natural origin [12].
The unusual conformational properties of Aib residues were first anticipated by
theoretical analysis in the early 1970s [13]. The presence of geminal dialkyl substituents
at the tetrahedral C(a)-atom imposes major steric restrictions on the energetically
accessible conformational space, mostly limiting the Aib residue to the helical region of
the Ramachandran map (f¼ 608208 ; y¼ 308208) [14]. Fig. 1 illustrates a
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conformational energy map for Aib, computed using classical potential-energy
functions [15]. The deepest minima lie in the right- and left-handed 310/a-helical
regions of the f,y space. These minima correspond to the region of overlap obtained by
superposition of the Ramachandran maps for l-Ala and d-Ala residues [13]. In
addition to the helical regions, minima are also observed in the fully extended and semi-
extended regions of the f,y space. Conformations corresponding to b-strand structures
(f 1208,y1208) are strongly disallowed because of short contacts between one of
the Me groups at C(b) and the C¼O group of the preceding residue, and the NH group
of succeeding residue. These expectations were first realized in the structure
determination of small synthetic Aib-containing peptides [16–18], which provided
definitive experimental evidence for the ability of this unusual residue to stabilize
helical conformations [19]. Over the last three decades, a large body of experimental
evidence has accumulated establishing the prominent role of Aib residue in stabilizing
helical folding in peptides. Although there has been considerable discussion in the
literature on the distinction between 310- and a-helical conformation of Aib-containing
peptides [20], in this review we consider both these helical subtypes as closely related
structures. There is, however, a limited number of examples in which Aib residues
adopt semi-extended polyproline II (PII) conformations. The achiral nature of Aib also
permits this residue to adopt f,y values corresponding to both right (aR)- and left (aL)-
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Fig. 1. Superposition of the allowed region of the f,y space determined by hard sphere criteria Ac-Aib-
NHMe and conformational energy map for an Aib residue. The allowed conformations for Aib residues
are illustrated.
handed conformations. The choice of the handedness of the helix is generally
determined by the chirality of the residues in peptide sequences which contain the
protein amino acids and by the positioning of the Aib residue. In a large number of
peptide helices, the C-terminal Aib often adopts a helix handedness, which mirrors that
of the body of the peptide. This review summarizes structural studies on natural
peptaibiotics and focuses attention on unusual conformations observed in synthetic
peptides.
2. Conformational Distributions in Peptide Crystal Structures. – The experimen-
tally determined peptaibiotics structures are listed in Table 1 [4] [21–43] and the
molecular conformations are illustrated in Figs. 2–4. Fig. 5,a, provides a scatter plot for
Aib residue conformations in the peptaibiotic structures. It is seen that 112 out of 113
Aib residues cluster in the right-handed-helical region of the f,y space establishing that
nonhelical conformations of Aib are highly improbable in this group of peptide natural
products. A single case has been reported for the structure of antiamoebin I by Snook
et al., with Aib(2) having conformational angles of f¼ 137.18, y¼ 53.98 [25].
Interestingly, disorder of the first five residues in one of the two molecules in the
crystallographic asymmetric unit has been noted, with the data collected up to 1.4 K. In
another structure of antiamoebin I reported in the literature, at a resolution of 1.0 K,
Aib(2) has a torsion angle of f¼ 56.58, y¼ 43.48 [26]. Curiously, the first example
of the crystal structure of an Aib-containing natural product was the cyclic tetrapeptide
dihydrochlamydocin in which the Aib residue has f¼71.98, y¼ 63.78, corresponding
to the C7/g-turn region of the Ramachandran map [46].
In synthetic peptides, Aib residues can be placed in achiral sequences, or in
sequences containing amino acids of one hand, or sequences containing residues of
mixed chirality. Fig. 5,b, shows a scatter plot of Aib residues in both natural and
synthetic, acyclic (linear) peptide sequences. For cases of achiral sequences crystallizing
in centric space groups, the right-handed sense (aR) has been arbitrarily chosen. An
interesting feature of this plot is the observation of the clusters in the regions
corresponding to PIIL (f 608, y1208) and PIIR (f608, y 1208) conforma-
tions. In addition, several of the examples in the left-handed helical (aL) region
correspond to Aib residues occurring in a helix terminating position. Fig. 5,c, shows a
representation of all Aib residues observed in a nonhelical context. C-Terminal Aib
residues, which do not participate in determining the fold of the peptide have been
excluded. Of the 40 examples, 16 correspond to aL conformations occurring in the
helix-terminating Schellmanmotif [47]. Fig. 5,d, shows the distribution of Aib residues
in cyclic peptides. The covalent constraint of cyclization can force Aib residues into
conformations, which have not been observed in acyclic sequences.
3. Polyproline II (PII) Conformations. – The semi-extended polyproline II (PII)
conformation is often observed in protected dipeptides and tripeptides. Fig. 6 provides
a view of the molecular conformations established in crystals for Aib residues in the PII
region of the f,y space [48–59]. In the case of peptides 1–8, the Aib residue occupies
the iþ1 position of a type II/II’ b-turn conformation. In Ac-Aib-Gly-Aib-OH (3), a
type-III b-turn conformation corresponding to a single 310-helical turn might have been
anticipated with Aib(1) adopting an aR conformation. However, the observed structure
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reveals Aib(1) in a PII conformation [50]. A similar situation is observed in the case of
peptides 4 [51] and 5 [52]. Interestingly, in the case of dipeptide esters, Boc-Aib-Ac6c-
OMe (1) [48] and Tfa-Aib-Aib-OtBu (2) [49], which cannot form a 4!1 H-bond
because of the absence of the NH group at the C-terminus, the molecule adopts a quasi
type-II’ b-turn with the ester O-atom occupying the position of the NH group. The
observed O· · ·O distances for the 4!1 interaction are 3.46 and 3.58 K, respectively. In
the other examples illustrated, Aib residues adopt the PII conformation despite the
absence of any significant intramolecular interactions. These examples suggest that the
energy difference between aR and PII minima, which are estimated to be ca. 3.5 kcal/
mol from theoretical calculations, can be compensated by intermolecular interactions
in crystals.
4. Distorted Conformations in the Helical Region. – Conformations of Aib residues
which lie in the bridge region of theRamachandranmap close to the right (aR)- and left
(aL)-handed helical conformations (y08) are not uncommon. Some examples are
illustrated in Fig. 7 [60–64]. In all these cases, the observed y angle lies between 78
and 168.
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Fig. 5. Distribution of Aib residues in the conformational space. a) Peptaibiotics. b) Natural and synthetic
acyclic (linear) peptides. c) Nonhelical and left-handed peptides. d) Cyclic peptides.
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Fig. 6. Examples of Aib residues which adopt polyproline II (PII) conformations. The f, y values are
indicated.
Fig. 7. Crystal structures of Aib containing peptides, where Aib-residue f,y values fall in the bridge region
(y08) of the Ramachandran map
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5. Extended Conformations. – Two examples of fully extended Aib conformations
have been observed so far (Fig. 8). In both these cases, f1808, y1808 [63] [65].
Although, the fully extended regions are sterically and energetically permissible for
Aib residues, these conformations are rarely observed. In contrast, several examples of
fully extended conformation have been characterized for higher homologues of Aib,
containing symmetrical dialkyl substituents, like diethylglycine (Deg), dipropylglycine
(Dpg) and dibutylglycine (Dbg) [66]. In the cases of Deg, Dpg, and Dbg, both aR and
extended conformations have been crystallographically observed [67]. In the case of aR
conformations the observed tetrahedral bond angle t(NC(a)C’) is ca. 1108, while in
the fully extended conformation t is ca. 1048. In the case of the Aib peptides shown in
Fig. 8, the observed bond angle t is ca. 1048. This may be compared to the standard
bond angle observed for Aib residue in helical conformations (t1118) [17].
Interestingly, fully extended conformations have recently been reported even for
chiral C(a)-ethylated dialkyl amino acid residues [68].
6. Helical Sense of Aib Residue. – Since the Aib residue is achiral, both the aR and
aL conformations are equally possible in achiral peptide sequences. In sequences
containing chiral residues, the handedness of Aib within intramolecularly H-bonded
peptide conformations is determined by the handedness of the chiral residue. Thus, Aib
residues placed within a sequence containing l-amino acids invariably adopt the aR
conformation (f 608, y 308). Aib Residues at the C-terminal end of right-
handed helices often adopt the aL conformations (f þ608,y þ308) [69] [70] or
polyproline II (PIIL) conformation (f 608, y þ1208) [69] [71] as shown in Fig. 9.
We have attempted to rationalize this observation by surveying 143 crystal structures of
Fig. 8. Molecular conformations of peptides, where the Aib residue adopts an extended conformation
[63] [65]
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Aib-containing peptide helices of length 4 residues, which contain a C-terminal Aib
residue. Out of 192 examples examined, only 13.5% adopt the same helix sense as the
body of the peptide. 66.2% of the residues adopt the opposite sense, while 20.3% lie in
the less favored polyproline PII region. Fig. 10,a, summarizes the observed distribution.
In the structure of peptide helices, helical molecules are arranged in columns by head-
to-tail H-bonding between exposed back-bone CO and NH groups. Packing consid-
erations which optimize interaction between adjacent residues in a column are likely to
be responsible for this unusual conformational feature. Fig. 10,b, shows an example of
head-to-tail H-bonding between the N- and C-termini of adjacent molecules in a
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Fig. 9. Representative examples of Aib residues at the C-terminus. a) Left-handed (aL) conformation
[69] [70]. b) Polyproline II (PII) conformation [69] [71]. Only the last six residues are shown. The f,y
values are indicated.
peptide, which has been protected with the Boc group at the amino terminus and a
methyl ester function at the C-terminus. In this case, the body of the peptide forms a
right-handed helix, while the C-terminal Aib residue adopts a left-handed helical
conformation. Fig. 10,c, illustrates the consequence of altering the handedness of the
terminal Aib residue. It is immediately apparent that several short contacts are
observed between the methyl ester and the Boc groups of adjacent molecules in the
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Fig. 10. a)Histogram showing the distribution of conformations for the C-terminal Aib residues in helical
peptides of length 4 residues. 192 examples are distributed into three classes. O, Aib residues have f,y
values of opposite sign as the body of the helix; PII , polyproline II conformation; S, Aib residues have the
same sign of f,y values as the body of the helix. Values shown in the figure correspond to the number of
occurrences. b)Head-to-tail region of a helical column in the peptide Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-
Ala-Leu-Aib-OMe [70]. The conformational angles of the C-terminus Aib residue are marked. The
intermolecular NH· · ·O H-bonds are also marked. c)Model generated by reversing the signs of the f,y
angles for the C-terminal Aib residue. Short contacts between atoms in adjacent molecules are marked.
column. It thus appears that registering intermolecular H-bonds appropriately may be
the driving force for the terminal Aib residue to adopt the opposite helical sense. In the
database surveyed, there are 26 examples (13.5%) of C-terminal Aib residues, which
adopt the same helix sense. In many of the cases, hydration/solvation and the nature of
the protecting groups appears to be responsible for this conformational feature.
There are a few examples in which the handedness of the Aib residue in the body of
the peptide and the helical sense of the peptide merits comment. In the peptides pClBz-
l-Pro-Aib-l-Ala-Aib-l-Ala-OMe [72] and Boc-l-Pro-Aib-l-Ala-Aib-l-Ala-OH [73],
Pro(1) adopts a polyproline II (PII) conformation, while the segment Aib(2)-Ala(3)-
Aib(4) forms a left-handed 310-helix, with both Aib residues in aL conformations
(Fig. 11). Interestingly, the l-alanine residue in both cases adopts the unusual aL
conformation. In this case, the driving force for the formation of the structure is
undoubtedly the N-terminus type-II’ b-turn, which results in the Pro-Aib segment
adopting a PII-aL structure. The hexapeptide Boc-Leu-Aib-Aib-Leu-Aib-Aib-OBzl
presents an unusual example of the coexistence of helices of opposite hand in the
crystallographic asymmetric unit (Fig. 12,a) [74]. In the left-handed helix, both the l-
leucine residues adopt the less frequently observed aL conformation. The sequence Ac-
Aib-Aib-(S)-Iva-Aib-Aib-OMe presents another interesting example of coexistence of
molecules of opposite helix sense in the asymmetric unit of the crystal, in the chiral
space group P1 (Fig. 12,b) [75]. A similar feature was also observed in the following
peptide sequences: Ac-(Aib)3-(S)-Iva-Aib-OMe [76], Bz-(Aib)4-l-(aMe)Val-OtBu
[77], pBrBz-(Aib)4-l-(aMe)Val-OtBu [77], pNBz-(Aib)4-l-(aMe)Val-OtBu [77],
pMeBz-(Aib)4-l-(aMe)Val-OtBu [77], pBrBz-l-Val-(Aib)4-OtBu [78], Tfa-(Aib)2-
[(S)-aEtLeu]-(Aib)2-OEt [79], and Tfa-[(S)-aEtLeu]-(Deg)4-OEt [79]. Surprisingly,
a chiral reversal at the N-terminal Aib residue is observed in one of the molecules in the
peptide sequence Boc-Aib-Val-Aib-Aib-Val-Val-Val-Aib-Val-Aib-OMe (Fig. 13) [80].
Particularly interesting examples reported byKarle et al. are the structures of [Boc-
Cys-(Aib)n-OMe]2, (n¼3, 4) [81]. Fig. 14 shows a view of the molecular conformation
observed in the peptides along with a scatter plot of the observed f,y values. In the case
of the peptide with n¼3, the molecule has perfect twofold symmetry; the molecular
Fig. 11. Crystal structure of a) pClBz-l-Pro-Aib-l-Ala-Aib-l-Ala-OMe [72] and b) Boc-l-Pro-Aib-l-
Ala-Aib-l-Ala-OH [73]
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Fig. 12. Molecular conformation of a) Boc-Leu-Aib-Aib-Leu-Aib-Aib-OBzl [74] and b) Ac-Aib-Aib-
(S)-Iva-Aib-Aib-OMe [75],where both right (aR) and left (aL)-handed helix are present in the asymmetric
unit
Fig. 13. Molecular conformation of Boc-Aib-Val-Aib-Aib-Val-Val-Val-Aib-Val-Aib-OMe [80]. The N-
terminal Aib(1) adopts positive f,y values. This is an example of a chiral reversal at the N-terminus.
Only the first five residues are shown.
axis coincides with the crystallographic twofold axis (space group C2). In both cases,
the helical fold of the peptide backbone is left-handed, with Cys(1) adopting an aL
conformation (f¼60.18, y¼29.48). Chiral reversal is observed at Aib(4) (f¼ 49.88,
y¼ 42.68). In contrast, the two helical arms in the peptide with n¼4 adopt the
opposite senses of helical twist. In one arm, the Cys residues adopt an aR conformation,
while, in the other, the Cys residue adopts an aL conformation. In the case of both
peptides, the unusual aL conformation of Cys(1) is observed. Normally, the lone chiral
residue in a sequence might have been expected to impose the sense of helical twist on
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Fig. 14. The molecular conformation of [Boc-Cys-(Aib)n-OMe]2 in crystals [81]. a) n¼3, b) n¼4. The
observed f,y values are plotted in a Ramachandranmap. The symbols*,~, and& correspond to Cys,
Aib, and the terminal Aib residues, resp.
an homo-oligo (Aib)n segment. Surprisingly, in this case despite the l-configuration of
the Cys residue, the energetically unfavorable left-handed twist has been selected.
DeGrado and co-workers have estimated energy differences of ca. 0.95 kcal/mol
between aL and aR conformations of d-alanine [82].
7. Schellman Motif. – In synthetically designed peptides, the tendency of the Aib
residue to adopt aL conformations can be exploited to generate the helix-terminating
Schellmanmotif [47]. In this structure, the last turn of a right-handed helix is capped by
a residue adopting an aL conformation. In proteins, the achiral Gly residue invariably
serves as the terminating residue [83]. Synthetic sequences containing Aib as the
penultimate residue from the C-terminus usually yield structures exhibiting the helix-
terminating Schellman motif [84]. Fig. 15,a, illustrates the definition of residues in the
Schellmanmotif and provides an example for the case of Aib as the terminating residue
[85]. An interesting example of chiral reversal in the center of a synthetic sequence is
observed in the peptide sequence Boc-Leu-Aib-Val-Aib-Leu-Aib-Val-d-Ala-d-Leu-
Aib-OMe [86]. The segment Leu(1) to Leu(5) adopts right-handed helical conforma-
tion. Aib(6) adopts aL conformation resulting in a short sequence of left-handed helix
at the C-terminus. The two helical segments of opposite sense of twist are fused
seamlessly (Fig. 15,b).
Fig. 15. Molecular conformation of a) Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-OMe [85] and b) Boc-Leu-
Aib-Val-Aib-Leu-Aib-Val-d-Ala-d-Leu-Aib-OMe [86]. T is the helix-terminating residue, which adopts
positive f,y values.
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8. Cyclic Peptides. – A survey of the crystal structure database revealed 22 examples
of cyclic peptides containing Aib residues (Table 2) [46] [87–104]. In several cases, the
Aib residues adopted anticipated f,y values lying in the aR and aL region of the
Ramachandran map (Fig. 5,d). Two examples of Aib residue adopting nonhelical
conformations are shown in Fig. 16. In the natural product dihydrochlamydocin, the
lone Aib residue adopts a C7 (g-turn) conformation [46]. In the synthetic cyclic cystine
peptide Boc-[Cys-Val-Aib-Ala-Leu-Cys]-NHMe, the Aib residue occupies the iþ1
position of the type-II’ b-turn conformation, with f¼49.98, y¼ 131.28 (PIIR) [91]. In
piperazine-2,5-diones, for example, the imperative of a nearly flat six-membered ring
locks Aib into the normally disallowed conformations near f08, y08 [88] [90].
9. Conclusions. – Aib Residues are strongly constrained to the helical region of the
f,y space and thus limit the range of accessible backbone conformations when
incorporated into peptide sequences. The ability of Aib-containing sequences to adopt
well-defined folds and their high degree of conformational homogeneity in solution has
resulted in the crystallization of a large number of Aib-containing peptides. X-Ray
diffraction studies have permitted detailed structural characterization, with the result
that Aib-containing peptides are the best-studied group of oligopeptides in the crystal
state. There are, however, unusual nonhelical conformations that can be populated by
Aib residues, albeit, much less frequently, which need attention for designing
appropriately folded synthetic peptides and in the conformational analysis of Aib
containing-peptides of natural origin. This overview has attempted to highlight the
circumstances in which Aib residues have been observed in unusual conformations.
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Fig. 16. Molecular conformation of a) dihydrochlamydocin [46] and b) Boc-[Cys-Val-Aib-Ala-Leu-
Cys]-NHMe [91]
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Table 2. f,y Values [8] of Aib Residues in Cyclic Peptides (5cyclic6 abbreviated as c)
Entry Sequence [CCDC code] f y Space
group
Refer-
ence
1 c(Aib-Phe-Pro-X) ·H2O
dihydrochlamydocin [DHCMYD]
71.9 63.7 P21 [46]
2 c(Pro-Aib) [BUYGUX]
Molecule A
Molecule B
30.3
1.0
28.6
0.9
P21 [87]
3 c(Aib-Aib) [BOCSIV] 5.8
5.8
5
5
P1¯ [88]
4 c(Aib-Ile) [BOCSOB] 9.7 8.0 P212121 [88]
5 Boc-Cys-Pro-Aib-Cys-NHMe·DMSO [BEWDIQ] 61.8 17.9 P212121 [89]
6 c(Aib-Phe) [COYRIR] 6.7 3.6 P21 [90]
7 Boc-[Cys-Val-Aib-Ala-Leu-Cys]-NHMe·
DMSOþH2O [GAGDIB]
49.9 131.2 P212121 [91]
8 c(Pro-Pro-Phe-Phe-Aib-Aib-Ile-Ala-Val) [JUJHUR] 53.8
54.6
41.0
27.1
P212121 [92]
9 c(Pro-Pro-Phe-Phe-Aib-Aib-Ile-Ala-Val) ·
CH3CNþ2 H2O [LINCOA]
53.6
53.4
42.4
32.7
P212121 [93]
10 c(Gly-Aib-Gly)2 ·Formic acid [RAQVOU] 55.3
55.3
35.2
35.2
P21/c [94]
11 c(Pro-Phe-Phe-Aib-Leu)2 63
62
34
37
P21 [95]
12 c(Phe-Phe-Aib-Leu-Pro) [FEGJAD] 70.4 73.9 P65 [96]
13 c(Phe-Ser-Ser-Phe-Aib) [XACJAM]
(Ser¼O-benzylseryl; Aib¼N-methyl-Aib)
57.5 130.5 P1 [97]
14 Boc-Val-[Hse-Leu-Aib-Val-Hse]-Leu-OMe·
CH2Cl2þH2O [GOGFAJ] (Hse¼Homoserine)
55.5 35.9 P212121 [98]
15 c(Aib-Aib-Aib-Aib-Tro) [QENREG]
Molecule A
Molecule B
55.4
55.5
92.0
51.9
52.5
51.1
70.9
100
136.4
31.4
25.4
42.9
136.1
40.7
23.1
6.5
P21/n [99]
16 c(Pro-Thr-Aib-b-Phe-ethylgly) ·H2O [AWONOP] 56.0 43.0 P31 [100]
17 c(Aib-Aib) [BOCSIV01] 4.2
4.2
3.7
3.7
P1¯ [101]
18 c(Pro-Aib-Gly-Aib-Aib-Phe) ·Hexafluorophosphate
monohydrate [FAZPIG]
65.1
53.8
80.2
13.8
46.7
10.1
P212121 [102]
19 c(Gly-Aib-Aib-Gly-Aib-Phe) ·3 H2O [DALPOW] 52.6
64.2
55.8
44.7
25.7
34.2
P21 [103]
20 c(Gly-a(Me)Phe-Aib-Gly-Aib-Phe) [DALPUC] 69.0
49.1
6.1
43.1
P212121 [103]
21 c(Gly-Aib-Leu-Aib-Phe-Aib) [FINPEY] 76.9
55.2
175.9
7.6
130.4
178.6
P212121 [104]
22 c(Leu-Aib-Phe-Gly-Aib-Aib) ·ethanol isopropanol
solvate dehydrate [FINPIC]
57.1
56.4
93.8
34.4
41.2
15.3
P21 [104]
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